Abstract
Introduction

43
Seminal work in the 1960s, using the percutaneous needle biopsy technique to excise small 44 samples of human skeletal muscle, made it possible to conduct invasive studies of metabolism 45 and determine the impact of training, diet and other manipulations on selected biochemical, 46 metabolic, histological and contractile characteristics (for review see 41). Several studies 47 identified muscle glycogen as a major determinant of endurance exercise capacity (10, 12, 80) 48 and an inability to continue exercise when the glycogen stores were restricted (43). 49 Furthermore, several days of diet-exercise manipulation resulted in 'super-compensated' 50 muscle glycogen levels that, in turn, translated into significant improvements in performance of 51 a 'real-life' endurance event (54). Since then, our knowledge about muscle glycogen has 52 expanded to include roles such as fuel sensor, regulator of intracellular signaling pathways 53 promoting exercise training adaptation and mediator of the osmotic characteristics of the 54 muscle cell (38, 39, 50, 61, 81). 55 Current sport nutrition guidelines recognize that glycogen availability can be 56 strategically manipulated to promote outcomes ranging from enhanced training adaptation 57 through to optimal performance. Indeed, the reader is directed to recent reviews regarding 58 strategies to enhance the cellular response to an exercise stimulus through training with low 59 carbohydrate availability (6, 38). The aim of the current mini-review, however, is to revisit 60 scenarios in which a performance benefit is associated with matching muscle glycogen stores to 61 the fuel requirements of training or competition. We highlight recent advances in our 62 understanding of the optimal nutritional strategies to promote rapid and effective restoration 63 of this important muscle substrate and describe some of the molecular signals by which glucose 64 transport is increased in the exercised muscle after strenuous exercise. The reader is also
General Background
69
Competitive endurance athletes undertake a prodigious volume of training with a substantial 70 amount of exercise performed at intensities that are close to or faster than race pace (115). As 71 such, preparation for and competition in endurance exercise events lasting up to 3 h is 72 dependent on carbohydrate (CHO)-based fuels (muscle and liver glycogen, blood glucose and 73 blood muscle and liver lactate) to sustain high rates of muscle energy production (16, 57, 75, 74 106). However, the body's reserves of CHO are not as plentiful as those of lipids or proteins, so 75 an important goal of the athlete's daily diet is to provide the trained musculature with the 76 substrates necessary to fuel the training program that supports optimal adaptation and 77 recovery. 78 Rates of post-exercise glycogen synthesis have been investigated using a variety of 79 exercise protocols and dietary regimens. Depletion of muscle glycogen provides a strong drive 80 for its own resynthesis (116). Indeed, even in the absence of post-exercise CHO intake, glycogen 81 synthesis occurs at rates of 1-2 mmol/kg wet weight (w.w.) of muscle/h through 82 gluconeogenesis (63), or, particularly in the case of high-intensity exercise, lactate (44). 83 However, post-exercise CHO ingestion is the most important determinant of muscle (and liver) 84 glycogen synthesis, with the highest rates of resynthesis (typically within the range of 5-10 85 mmol/kg w.w./h) observed when large amounts of CHO are consumed soon after the 86 completion of the exercise bout, and then continued throughout recovery. Several factors 87 contribute to the enhanced synthesis rates during the first two hours after exercise: these 88 include activation of glycogen synthase by glycogen depletion (83), as well as exercise-induced 89 increases in insulin sensitivity (87) and permeability of the muscle cell membrane to glucose. 90 Nevertheless, with a mean glycogen storage rate of 5-6 mmol/kg w.w./h, 20-24 h of recovery 91 are normally required for normalization of muscle glycogen levels following extreme exercise 92 depletion (30). This scenario provides a challenge to athletes who undertake multiple sessions 93 of training in a 24 h period (e.g. swimmers, rowers or distance runners) or competition (e.g. 94 tournament tennis, cycling tour) with less than 12-15 h recovery from the first session, after 95 which muscle glycogen content is likely to be reduced by at least 50% (102).
96
Carbohydrates, Glucose Transport and Glycogen Storage in Human Skeletal Muscle
97
Glucose, fructose and galactose are the primary monosaccharides in the human diet having an 98 energy value of 15.7 kJ/g and producing ~38 mol of ATP/mol monosaccharide. The most 99 important monosaccharide for muscle metabolism is glucose, which is phosphorylated to 100 glucose 6-phosphate by the enzyme hexokinase and either directed towards glycolysis or 101 glycogen synthesis. Glycogen synthase catalyzes the incorporation of UDP-glucose through α-1-102 4-glycosidic linkages into the expanding glycogen polymer, with branching enzyme catalyzing 103 formation of α-1,6-branchpoints (31). The many branching points formed by the α-1,6 bonds 104 (approximately every 8-12 glucose units) on the glycogen molecule provide multiple sites for 105 the addition of glucose residues during glycogen synthesis (glycogenesis), or glycogen 106 breakdown during exercise (through glycogenolysis).
107
Until the discovery of the protein glycogenin as the mechanism for glycogen biogenesis 108 (101), the source of the first glycogen molecule that acted as a primer in glycogen synthesis was 109 not known. Glycogenin is located at the core of the glycogen molecules and is characterized by 110 autocatalytic activity that enables it to transfer glucose residues from UDP-glucose to itself (3).
111
Before glycogenin is able to synthesize a glycogen molecule, it must form a 1:1 complex with 112 glycogen synthase (101). Glycogenin then initiates granule formation by the addition of 7-11 113 glucose residues to a single tyrosine residue on the protein, which serves as a substrate for 114 glycogen synthase. The branching enzyme and glycogen synthase then act in concert to catalyze 115 the formation of two distinct pools of glycogen: proglycogen (PG) and macro-glyocgen (MG) 116 (59, 60). In the initial stages of glycogen formation, the PG granules grow by the addition of 117 glucose residues forming the larger, mature MG. PG and MG contain the same amount of 118 protein but differ in the number of glycogen units and also in their rates of degradation and 119 synthesis (1, 3, 95 ). It appears that PG is more sensitive to dietary CHO and is synthesized more storage threshold' appears to occur at a daily CHO intake of ~7-10 g/kg body mass (BM) (24). of this knowledge can be used to increase glycogen storage by employing strategies to increase 249 muscle glycogen synthesis rates when conditions are sub-optimal (e.g. when total carbohydrate 250 intake is below targets set for maximal synthesis rates or when the refuelling period is limited) 251 or by avoiding factors that can interfere with optimal muscle glycogen synthesis.
252
Energy intake/energy availability
253
There is increasing awareness that sub-optimal intake of energy in relation to exercise energy 254 expenditure (termed Relative Energy Deficiency in Sport -RED-S) results in an impairment of intake in the female cohort (104) . In the latter study, female subjects showed a substantial 264 enhancement of muscle glycogen storage associated with increased dietary CHO intake only 265 after total energy intake was also increased (104) . It should be noted that these studies 266 involved a 4-day glycogen loading protocol and did not collect data that would explain the 267 mechanism of energy-related glycogen storage changes. Therefore we are left to speculate 268 whether this is an acute issue related to alternate fates for exogenous CHO when energy intake 269 is sub-optimal and/or a more chronic suppression of glycogen synthesis in the face of low 270 energy availability. should be weighed against the 1-2% gain in body mass that is associated with creatine loading. 323 Here it should also be noted that changes in muscle water content secondary to the 324 whole body fluid changes experienced by athletes (i.e. hyperhydration and, more commonly, 325 dehydration) could also alter glycogen synthesis due to changes in cell osmolarity and cell 
Glycogen supercompensation
392
Strategies to achieve glycogen super-compensation have slowly evolved since the first 393 description of this phenomenon in the pioneering studies of Bergstrom and co-workers (2, 10-394 12, 43). These researchers (using themselves as subjects), showed that several days of a low- least when the athlete rests and consumes adequate CHO intake. Of course, it is not always 418 desirable for athletes to achieve total inactivity in the days prior to competition, since even in a 419 taper some stimulus is required to maintain previously acquired training adaptations (70) . 420 An athlete's ability to repeat glycogen supercompensation protocols has also been examined. 421 Well-trained cyclists who undertook two consecutive periods of exercise depletion, followed by 422 48 hours of high CHO intake (12 g/kg/d) and rest, were found to elevate their glycogen stores 423 above resting levels on the first occasion but not the next (62) . Further studies are needed to 424 confirm this finding and determine why glycogen storage is attenuated with repeated CHO • When the period between exercise sessions is < 8 h, the athlete should consume carbohydrate as soon as practical after the first workout to maximise the effective recovery time
• Early post-exercise recovery (0-4 h) may be enhanced by a higher rate of carbohydrate intake (~1 g/kg BM/h), especially when consumed in frequent small feedings
• Carbohydrate-rich foods with a moderate-high glycemic index (GI) provide a readily available source of substrate for glycogen synthesis.
This may be important in situations where maximum glycogen storage is required in the hours after an exercise bout. Foods with a low GI appear to be less effective in promoting glycogen storage. However, this may be partly due to poor digestibility that overestimates actual carbohydrate intake and may be compensated by additional intake of these foods, or the addition of foods with a high GI to meals and snacks.
• Adequate energy availability is required to optimise glycogen storage from a given amount of CHO.
• The selection of CHO-rich foods and drinks, or the combination of these in meals and snacks should be integrated with the athlete's other nutritional goals related to recovery (e.g. rehydration, muscle protein synthesis)
• Athletes should follow sensible practices regarding alcohol intake at all times, but particularly in the recovery period after exercise. Excessive intake of alcohol after exercise may directly inhibit glycogen storage during the period of elevated blood alcohol concentration. However, the most important effects of alcohol intake on refuelling (and other recovery issues) is through a reduced ability, or interest, to implement sports nutrition goals and sensible lifestyle choices
Optimal glycogen storage over 24 h to meet fuel requirements of upcoming events or workouts where it is important to perform well and/or with high intensity.
• Targets for daily carbohydrate intake are usefully based on body mass (or proxy for the volume of active muscle) and exercise load. Guidelines can be suggested but need to be fine-tuned according to the athlete's overall dietary goals and feedback from training. • The addition of protein to CHO-rich meals and snacks may promote glycogen storage when carbohydrate intake is sub-optimal especially during the first hours of recovery. An intake of ~20-25 g of high quality protein appears to optimize this effect while also meeting goals for post-exercise muscle protein synthesis
Glycogen supercompensation prior to endurance events of > 90 min of sustained or intermittent high-intensity exercise
• In the absence of muscle damage, a CHO intake of 8-12 g/kg/ 24 h for 36-48 h in combination with exercise taper can supercompensate muscle glycogen concentrations • Can dietary strategies alter the restoration of the glycogen stores in various cellular locations and which is more important for performance outcomes?
• What is the role of glycogenin as a permissive or limiting factor for glycogen storage and can it be manipulated?
• Can various dietary strategies enhance muscle glycogen storage from sub-optimal amounts of CHO intake by manipulating more favourable blood glucose and insulin concentrations? o Under what conditions does the effect of enhanced muscle fuel stores overcome the weight gain associated with creatine loading?
• Is the positive effect of any such dietary components/manipulations to enhance glycogen storage achieved by increasing glycogen synthesis from a given amount of dietary CHO, increasing the rate of muscle glycogen storage over a given time and/or increasing total muscle glycogen storage capacity or level of supercompensation?
• Does reduced glycogen storage during energy restriction/low energy availability reflect down-regulation of glycogen storage and/or lack of substrate?
• What is the mechanism of the failure to repeat glycogen supercompensation in close succession and can it be overcome?
• What is the mechanism of delayed resynthesis of glycogen following some sporting activities and can it be overcome?
• Do other recovery activities that affect muscle blood flow or temperature enhance or impair muscle glycogen storage?
• How can the impairment of glycogen storage by muscle damage be attenuated?
• Are there special issues for different athlete populations -for example, athletes with disabilities, adolescent and masters athletes? 
